Room-temperature perpendicular magnetic anisotropy ͑PMA͒ was observed in Ni/Pd multilayer films having 5.1-11 Å Ni and constant 5.7 Å Pd sublayer thicknesses, prepared by dc magnetron sputtering at 7 mTorr Ar sputtering pressure. The magnetoelastic anisotropy determined from delicate in situ stress and ex situ magnetostriction coefficient measurements was found to contribute positively to the observed PMA in those samples and its magnitude was nearly comparable to the surface anisotropy.
I. INTRODUCTION
Current research on ultrathin magnetic layers is largely focused on the magnetic anisotropy determining the preferred orientation of magnetization direction relative to the crystal axis. In particular, searching for magnetic thin films exhibiting room-temperature perpendicular magnetic anisotropy ͑PMA͒, where magnetization is perpendicular to the film plane, has drawn much attention from both fundamental and technical viewpoints. For this purpose, Co-or Fe-based multilayer films prepared by alternate deposition of transition metal ͑Co or Fe͒ and nonmagnetic elements ͑Pd, Ag, Pt, Au, etc.͒ have been extensively investigated and most systems have been reported to have a strong PMA. [1] [2] [3] [4] [5] [6] [7] Néel's surface anisotropy, as a consequence of the reduced symmetry at an interface 8 and enhanced magnetocrystalline anisotropy due to altered electronic structure 9, 10 in a multilayer, is considered to be the major origin for the observed PMA in Co-or Fe-based multilayer films: thus, a positive interface contribution overcoming negative volume contribution results in PMA in those systems.
In contrast, most Ni-based multilayers have been reported to show in-plane anisotropy at room temperature 7 and a theoretical investigation by Gay and Richter has also predicted in-plane anisotropy for monolayer Ni. 11 However, very recently Shin et al. has observed room-temperature PMA in Ni/Pt multilayers 12 and it was claimed that stressinduced magnetoelastic anisotropy was a major origin for the observed PMA in this system. 13 In this article we report room-temperature PMA in Ni/Pd multilayer films and investigate the contribution of magnetoelastic anisotropy by careful in situ stress and ex situ magnetostriction coefficient measurements to understand the origins of PMA in this system.
II. EXPERIMENT
Ni/Pd multilayer films were prepared on Corning glass substrates of 130 m in thickness at ambient temperature by sequential dc magnetron sputtering of Ni and Pd under a base pressure of 8ϫ10 Ϫ7 Torr and Ar sputtering pressure of 7 mTorr. Typical deposition rates, obtained under an applied power of 30 W to each target and a target-to-substrate distance of 75 mm, were 1.0 and 3 Å/s for Ni and Pd, respectively. With maintaining the same number of bilayer repeats of 30 the thickness of the Ni sublayer was varied from 5.1 to 20.2 Å, while the Pd sublayer thickness was fixed at 5.7 Å. The actual bilayer thicknesses, determined from low-angle x-ray diffractometry, were found to vary within Ϯ5% from the nominal ones. The samples will be designated by (t Ni Å Ni/t Pd Å Pd) n , where t Ni is the thickness of the Ni sublayer, t Pd is the thickness of the Pd sublayer, and n is the number of bilayer repeats.
Stress of Ni/Pd multilayer films was measured in situ during the deposition using a home-made optical displacement detector, which was sensitive enough to detect a deflection of substrate caused by a submonolayer deposition of Ni or Pd. Details of the measurement system have been reported elsewhere.
14 Stress of a multilayer was determined from the change of the gap distance ⌬d using the well-known Stoney's formula as follows:
where E s , s , t s , and l are Young's modulus, Poisson's ratio, thickness, and length of the substrate, respectively, and ⌬h is the change of the film thickness. The values of E s ϭ1.51ϫ10 12 dyne/cm 2 , s ϭ0.3, t s ϭ130 m, and lϭ4 cm were used for our glass substrates.
Magnetostriction coefficients of multilayer films were measured using the same optical displacement-detecting system as described above. The sample in the cantilever geometry was saturated along the film plane by an applied magnetic field of up to 10 kOe and the saturation magnetostriction coefficient was determined using the following equation:
where E f , f , t f are Young's modulus, Poisson ratio, and thickness of the film, respectively.
III. RESULTS AND DISCUSSION
Low-angle x-ray diffraction studies using Cu K␣ radiation revealed that all Ni/Pd multilayer films had peaks characteristic of the multilayer structure with fairly sharp interfaces. A typical low-angle x-ray diffraction pattern for Fig. 1 , where the first-order maxima at 2ϭ5.0°reflects a periodicity of 16.7 Å of the multilayer. The high-angle x-ray diffraction peak around 2ϭ43.3°shown in the inset of Fig. 1 indicates the strong ͑111͒ texture along the growth orientation.
In situ stress measurements revealed that stress in the Ni sublayer was tensile in all samples and inversely proportional to the Ni sublayer thickness as shown in Fig. 2͑a͒ . This result indicates the incoherent growth of the Ni sublayer on the Pd sublayer due to a large misfit of 9.8% in the ͑111͒ matching planes of Ni and Pd. The magnetostriction coefficient of the samples was found to be also sensitively dependent on the Ni sublayer thickness as demonstrated in the lower plot of Fig. 2͑b͒ : it was negatively increased from
Ϫ0.7ϫ10
Ϫ5 to Ϫ2.0ϫ10 Ϫ5 by increasing the Ni sublayer thickness.
The torque measurements of Ni/Pd multilayer films revealed that the samples with Ni sublayer thickness less than about 11 Å had perpendicular magnetic anisotropy. A typical torque curve of (5.1 Å Ni/5.7 Å Pd) 30 multilayer having PMA is demonstrated in the inset of Fig. 3 , together with a torque curve for an in-plane anisotropy sample of (20.2 Å Ni/5.7 Å Pd) 30 multilayer. In Fig. 3 we illustrate the dependence of K u eff t Ni on the Ni sublayer thickness for a series of (t Ni Å Ni/5.7 Å Pd) 30 multilayers. Here, the effective magnetic anisotropy energy K u eff was determined from an analysis of a torque curve measured at an applied field of 10 kOe. One can see that the Ni/Pd multilayers have PMA, when the Ni sublayer thickness is smaller than about 11 Å. In Fig. 3 , it is worthwhile to mention that a linear behavior of K u eff t Ni vs t Ni is observed in our Ni/Pd multilayers, which is in sharp contrast with a nonlinear behavior observed for Ni/Pt multilayers. The behavior of K u eff t Ni vs t Ni in Ni/Pt multilayers is largely dependent on the behavior of K because of a negligible interface contribution due to the magnetically dead layer originated from the increased sp -d hybridization at Ni/Pt interfaces. 12 However, in Ni/Pd multilayers the interface contribution is not negligible because there is no magnetically dead layer at Ni/Pd interfaces. So, the interface contribution plays an important role in the behavior of K u eff t Ni vs t Ni in the Ni/Pd multilayer.
The effective magnetic anisotropy energy K u eff can be modeled phenomenologically by deconvolution of a volume term, independent of magnetic layer thickness t, and an interface term, proportional to 1/t. The volume anisotropy is composed of the magnetocrystalline K c , the shape K d , and the magnetoelastic K anisotropies. K can be represented by Ϫ3/2 , where is the saturation magnetostriction coefficient and is stress existing in the magnetic layer. The effective magnetic anisotropy energy K u eff of a multilayer film can be expressed phenomenologically as follows: 
where M s and ␣ represent the saturated magnetization and the demagnetization factor, respectively, t is the thickness of the ferromagnetic layer, and K s is Néel's surface anisotropy. The demagnetization factor ␣ is commonly considered to be 2, assuming a perfect film. However it is well known that ␣ has the structure-sensitive property, which is expected to be smaller than 2 for an imperfect film. It should be pointed out that the value ␣ could be determined from Eq. ͑3͒ once K u eff , K c , M s , and K are known.
To investigate the origins of PMA observed in our Ni/Pd multilayers, we have quantitatively determined K d , K , and K s . We have assumed that K c had a bulk Ni value of 4.5 ϫ10 4 erg/cm 3 , since all samples had the strong ͑111͒ texture. The surface anisotropy determined from a linear fitting of Fig. 3 was 0.03 erg/cm 2 , which was a factor of 10 smaller than a typical value observed in Co-or Fe-based multilayers. 7 The magnetoelastic anisotropy, determined from the measurements of stress and magnetostriction coefficient in Fig. 1 , varied from 2.8ϫ10 5 to 4.2ϫ10 5 erg/cm 3 . To determine the shape anisotropy one has to know the demagnetizing factor and the saturation magnetization. The saturation magnetization per Ni unit volume, measured using a vibrating sample magnetometer, was varied from 473Ϯ10 to 375Ϯ10 emu/cm 3 by increasing the Ni sublayer thickness. The demagnetization factor ␣ determined from Eq. ͑3͒ was 5.9, which was 94% of the value for a perfect film. The shape anisotropy calculated from those values varied from Ϫ8.2ϫ10 5 to Ϫ13.2ϫ10 5 erg/cm 3 with increasing Ni sublayer thickness.
In Fig. 4 we plot all anisotropy constituents of K u eff , K d , K , and 2K s /t Ni as a function of t Ni , together with K c . From Fig. 4 , it is clearly noticed that the surface anisotropy alone could not overcome a negative contribution of the shape anisotropy to yield PMA in our Ni/Pd multilayer films: a positive contribution of the magnetoelastic anisotropy is substantial. The magnetocrystalline anisotropy is much smaller than the shape and magnetoelastic anisotropies and therefore it does not play a major role for PMA in this system.
IV. CONCLUSIONS
We have observed the room-temperature perpendicular magnetic anisotropy for Ni/Pd multilayer films by the suitable choice of the Ni and Pd layer thicknesses. A linear behavior between the effective magnetic anisotropy and the Ni sublayer thickness was found to exist. Using the phenomenological model we have quantitatively determined the shape, the magnetoelastic, and the surface anisotropies to investigate the origins of perpendicular magnetic anisotropy. The magnetoelastic anisotropy ͑from 2.8 to 4.2 ϫ10 5 erg/cm 3 ͒ comparable to the surface anisotropy was found and thus it could be concluded that both the surface and magnetoelastic anisotropies are the origins of perpendicular magnetic anisotropy observed in our Ni/Pd multilayer films. 
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